Introduction
The present work addresses the control of negative group velocity using the dispersion characteristics of the coupling modes of leaky Lamb waves propagating in a solid/fluid/ solid trilayered structure. A wave with negative group velocity transports wave energy in the opposite direction to the phase velocity. By analyzing the dispersion characteristics of coupling modes in the trilayer, it is proved that there are propagation modes with negative group velocity. The negative group velocity that is obtained near the cutoff frequency of specific modes is important not only for engineering applications, but also for physics.
A negative group velocity has already been observed for Lamb waves propagating on an elastic thin plate [1, 2] . The minimum group velocity of Lamb waves is decided by Poisson's ratio for an elastic material [3] . The existence of negative group velocity depends not only on Poisson's ratio but also on the mode and frequency-thickness product, fd. In general, it exists only for specific modes and only over very narrow ranges of Poisson's ratio and fd. In this paper, theoretical and experimental evidence is presented for a negative group velocity of coupling modes of the leaky Lamb waves in the trilayered structure, which is smaller than that of Lamb waves in the antisymmetric 2nd (A2) mode. The dispersion characteristics of the coupling modes strongly vary with the thickness of the liquid layer, indicating that the negative group velocity is controllable [4, 5] .
Aiming at the observation of the negative group velocity of the coupling modes of leaky Lamb waves, the present work mainly deals with the optical visualization of acoustic fields. The coupling modes of leaky Lamb waves of the antisymmetric 2nd mode of global symmetric modes (A2-GSMs) were visualized using the photoelastic and Fresnel methods [6, 7] , and the negative group velocity was determined. Furthermore, the propagation of the coupling modes was successfully observed using slow-motion video.
Existence of negative group velocity
Theoretical negative group velocities for the A2-GSMs propagating through a solid/fluid/solid trilayer [8, 9] as the function of the frequency-thickness product fd are shown in Fig. 1 for several different fluid thicknesses. Optical glass (BK7) was chosen as the solid plate material, having a longitudinal velocity of 6,000 m/s and a shear velocity of 3,670 m/s. The thickness of the BK7 plate d used in the calculation was 5 mm. Water was used as the fluid layer material, having a velocity of 1,500 m/s. This trilayered structure exhibits negative group velocities in several modes; however, the A2-GSM is of interest since the phase velocity is better visualized at values of fd where negative group velocity exists. The minimum negative group velocity in the A2-GSM is predicted for a trilayer whose water layer thickness is 0.6 mm at fd ¼ 5:48 MHzÁmm (see Fig. 1 ). This value is smaller than that of the A2 mode of Lamb waves propagating in the same optical glass plate, i.e., with the same Poisson's ratio.
The dispersion characteristics of Lamb waves that propagate along an elastic plate placed in vacuum or in air depend on the elastic modulus of the propagating medium. This roughly agrees (within the error range) with the dispersion characteristics of leaky Lamb waves propagating along an elastic plate placed in water. Generally, the dispersion characteristics are determined mainly by the solid-state properties of the elastic plate unless the material is in contact with a (heavy and hard) medium that can greatly affect the boundary conditions. However, the trilayer behaves very differently in that the dispersion characteristics clearly depend on the thickness of the layer of a very lightweight fluid. In this case, it is expected that by manipulating the fluid thickness, the phase velocity and the group velocity of some (though not all) modes can be controlled. Figure 2 shows a schematic diagram of a visualization system using a stroboscopic photoelastic technique to observe the coupling modes of leaky Lamb waves [5, 6] . The transparent elastic plates in which the coupling modes of Lamb type waves propagate are made from BK7 optical glass. In the photoelastic optical system, polarizing plates (polarizer P and analyzer A) approximately satisfying the condition of crossed Nicols are inserted between lenses L2 and L3. The camera senses the light with the polarization plane rotated by the stress caused by the ultrasonic wave. The white stroboscopic light source with a pulse width of 180 ns is driven at about Ã e-mail: ken@ipcku.kansai-u.ac.jp 60 Hz, synchronized to the excitation of the ultrasonic wave. A delay between the light emission and the excitation of the ultrasonic wave can be set, and a still image with an arbitrary duration in time can be obtained. Furthermore, by continuously increasing the delay, slow motion video recording is possible. The Fresnel diffraction method [7] can be used concurrently to visualize the ultrasonic wave in the water. Therefore, it is possible to observe simultaneously the leaky Lamb waves in the glass plate and the incident, reflected and leaky waves in the water. Two BK7 optical glass plates with thickness d ¼ 5 mm, length of 150 mm, and width of 40 mm are placed in the water parallel to the x axis. The coupling modes of leaky Lamb waves are excited by ultrasonic waves impinging at angle ¼ sin À1 ðc F =cÞ, which is determined from the phase velocity c of the targeted mode of observation (A2-GSM) and the velocity of the longitudinal wave in water c F . A distribution of the stress T due to leaky Lamb waves appears in the glass plates, and a periodic distribution of the refractive index appears in the water. The axis of the orthogonally crossed polarizing plates is at an angle of 90 to the direction in which the Lamb wave propagates. The stress difference T zx can normally be observed using this setup with crossed Nicols. Slightly changing from the orthogonal condition to give a bias by leakage light, wavefronts separated by a distance of one wavelength and the refractive index distribution of ultrasonic waves in the water can be visualized. Figure 3 shows the visualized distribution of the shear strain of the A2-GAM excited in the trilayered structure with a fluid thickness of 0.5 mm at fd ¼ 5:45 MHzÁmm. Figure 3 (top) was taken just after the ultrasonic pulse coming from the upper left had arrived at the trilayered structure and the A2-GAM was generated. The phase plane of the incident ultrasonic pulse sweeps over the plate surface from the left to the right, exciting the coupling mode pulse and causing it to travel toward the right. The solid arrow in the figure shows the direction of the phase velocity of the coupling modes. The position of the coupling mode indicated by the dotted circle is shifted to the left 36 ms after incidence, as shown in Fig. 3(bottom) . This is evidence of a negative group velocity in the coupling modes. From these snapshots, the observed group velocity is found to be about À800 m/s, which is smaller than the minimum group velocity of a Lamb wave propagating on the same BK7 plate. The observed group velocity is consistent with the theoretical value of À770 m/s within experimental error.
Experiment

Conclusion
Theoretical analysis shows that by controlling the thickness of the fluid layer, we can easily control the dispersion characteristics (i.e., the negative group velocity) of the coupling modes of leaky Lamb waves in trilayer structures. The coupling modes of leaky Lamb waves with negative group velocity can be successfully observed by both photoelastic and Fresnel methods. In the future, our aim is to determine the group velocity distribution experimentally and find the negative group velocities of other coupling modes of leaky Lamb waves in layer structures.
